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Abstract

Refractory Ti-bearing minerals in the calcium-, aluminium-rich inclusion
(CAI) Inti, recovered from the comet 81P/Wild 2 sample, were examined using
analytical (scanning) transmission electron microscopy (STEM) methods including
imaging, nanodiffraction, energy dispersive spectroscopy (EDX) and electron energy
loss spectroscopy (EELS). Inti fassaite (Ca(Mg,Ti,Al)(S1,Al);O¢) was found to have
a Ti’"/Ti*" ratio of 2.0+0.2, consistent with fassaite in other solar system CAIs. The

oxygen fugacity (logf, ) of formation estimated from this ratio, assuming

equilibration among phases at 1509K, is -19.4+1.3. This value is near the canonical
solar nebula value (-18.1+0.3) and in close agreement with that reported for fassaite-
bearing Allende CAls (-19.8+0.9) by other researchers using the same assumptions.
Nanocrystals of osbornite (Ti(V)N), 2-40 nm in diameter, are embedded as inclusions
within anorthite, spinel and diopside in Inti. Vanadium is heterogeneously distributed
within some osbornite crystals. Compositions range from pure TiN to Tigp36Vo.64N.
The possible presence of oxide and carbide in solid solution with the osbornite was
evaluated. The osbornite may contain O but does not contain C. The presence of
osbornite, likely a refractory early condensate, together with the other refractory
minerals in Inti, indicates that the parent comet contains solids that condensed closer
to the proto-sun than the distance at which the parent comet itself accreted. The
estimated oxygen fugacity and the reported isotopic and chemical compositions are
consistent with Inti originating in the inner solar system as opposed to it being a
surviving CAl from an extrasolar source. These results provide insight for evaluating
the validity of models of radial mass transport dynamics in the early solar system.

The oxidation environments inferred for the Inti mineral assemblage are inconsistent



\S)

with an X-wind formation scenario. In contrast, radial mixing models allowing
accretion of components from different heliocentric distances can satisfy the

observations from the cometary CAI Inti.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

1. INTRODUCTION

In January 2006 the NASA Stardust mission returned less than a milligram of
solid sample from comet 81P/Wild 2. This is the first-ever sample return of material
from a known body outside of the Earth-Moon system. Since comet 81P/Wild 2 is
believed to have accreted beyond the giant planets, the returned samples were
expected to be primitive, that is, rich in materials from the cold outer solar system,
including abundant presolar grains inherited from the parent presolar molecular cloud.
These primitive grains were expected to include some that formed in the outflows of
other stars (i.e. true stardust) as well as grains that formed in the interstellar medium.
The unexpected discovery within months of the sample’s return of a calcium-,
aluminium-rich inclusion (CAI), subsequently named “Inti”, revealed that comet Wild
2 contains anhydrous, high-temperature phases similar to those found in chondritic
meteorites from the asteroid belt (Brownlee et al., 2006; Zolensky et al., 2006). CAls
are believed to have formed 1-2 Myr after the initial collapse of the solar nebula and
are among the earliest solids formed in the solar system (Hutchison et al., 2001). The
Inti CAI has been found to contain Ti-rich pyroxene (often referred to as fassaite)
(Ca(Mg,Ti,Al)(S1,Al);0¢), gehlenite (CayAl,Si07), perovskite (CaTiOs), diopside
(Ca,Mg,Al)»(S1,Al),0¢), spinel (MgAl,0O4) and anorthite (CaAl,Si,0g), with osbornite
(Ti(V)N) occuring as inclusions in silicates (Zolensky et al., 2006; Joswiak et al.,
2008; Simon et al., 2008). Improved knowledge of the formation environment of
these refractory minerals can provide a better understanding of how these minerals
came to be incorporated into an outer solar system comet, 81P/Wild 2, and of the

mechanisms of transport dynamics active during early solar system formation.
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Two Ti-bearing refractory minerals in Inti, Ti-pyroxene (fassaite) and osbornite,
are of special cosmochemical significance because they serve as potential recorders of
the redox state of their formation environment. The oxidation states of transition
metal elements in minerals are closely related to the oxygen fugacities of their
formation environments (Stolper et al., 1982; Papike et al., 2005). In particular, the
oxidation state of Ti in Ti-pyroxene in CAls has been experimentally calibrated at one
temperature (Beckett, 1986; Grossman et al., 2008) allowing it to serve as an oxygen
barometer in CAls for estimation of the oxygen fugacity at the time and place of their
formation. The formation of osbornite occurs at higher temperatures than fassaitic
pyroxene, possibly higher than 2000K depending on the local oxygen fugacity, total
pressure and C/O ratio (Zolensky et al., 2006). Osbornite is stable in systems that are
otherwise solar in composition for atomic C/O ratios between ~0.8 and 1 (~2 x solar),
according to equilibrium thermodynamic calculations (Ebel, 2006).

In this work, we report the Ti oxidation states in Inti Ti-pyroxene (fassaite),
compare the fassaite oxidation states from Inti with an Allende fassaite, and obtain a
measure of the Ti**/Ti*" ratio for Inti using oxidation state endmember oxides, StTiOs
and LaTiO;. The Ti’"/Ti*" ratio obtained was then used to estimate the oxygen
fugacity of the environment in which the Inti Ti-pyroxene formed by following
calculation methods previously applied to fassaitic pyroxene found in refractory
inclusions in the Allende meteorite. We also closely studied the Inti osbornite for
evidence of coexistence of Ti-nitride, -oxide and -carbide as a means of potentially
constraining the environment in which the osbornite formed. If TiO coexists with
TiN, for example, the constraints in temperature and C/O ratio for the formation of
81P/Wild 2 osbornite are considerably narrowed relative to those for TiN alone (Ebel,

2006). Finally, we discuss the implications of these results with respect to the
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formation environment(s) for Inti components and material transport in the early solar

system.

2. TECHNIQUES

The 81P/Wild 2 dust sample was collected by hypervelocity impact at 6.1 km/s
into aerogel (Brownlee et al., 2006). The impact track containing the Stardust CAI
was initially harvested from a ~3 mm thick slab produced from an aerogel cell using
an ultrasonic band saw. A ~200,000 rpm dental drill with a ~0.5 mm wide carbide
burr was used to remove ~1 mm from each side of the slab at the University of
Washington. Using the drill, the remaining slab was further reduced to a sliver of
aerogel containing the impact track. The terminal particle, referred to as “Inti”, was
extracted and embedded in acrylic resin, and the remaining aerogel was pressed
between Mylar films and then embedded in acrylic resin using the process of Matrajt
and Brownlee (2006). Electron-transparent thin sections of the particles were
produced using an ultramicrotome equipped with a diamond knife. Sections 50-80
nm thick were mounted on continuous-carbon substrates supported on 3 mm diameter
Cu-mesh TEM grids. We studied three TEM specimens prepared from Inti.

Additional samples were prepared for comparisons with specific mineral
components of the Inti CAI. For comparison with Inti fassaitic pyroxene, an electron
probe microanalysis (EPMA) traverse was carried out on a large pyroxene crystal in a
Type B2 CAIL TS65, from the Allende meteorite using the Cameca SX50 at the
University of Chicago. Spot measurements were collected at 40 micron intervals. Ti
oxidation states along the traverse were calculated by stoichiometry, and electron-

transparent thin sections from three selected locations were prepared for TEM
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analyses. These sections were prepared using an FEI Nova NanoLab 600 dual-beam
focused ion beam (FIB) instrument in which a focused beam of 30 keV Ga+ ions is
used to mill out sections and thin them to electron transparency for TEM analyses
(e.g. Ishii et al., 2008). For additional comparisons with Inti fassaitic pyroxene, TEM
specimens of end member oxides for Ti*" and Ti*", LaTiO; and SrTiO; respectively,
were prepared by the traditional preparation methods for electron-transparent
sections: mechanical polishing followed by Ar ion milling. For comparison with Inti
osbornite, TiN, TiO and TiC standard powders (99.5% (metals basis) from Alpha
Aesar) were dispersed directly on holey carbon substrates on Cu TEM grids. Holey
carbon substrates permitted the standards to be analysed without substrate
interferences where the powder grains lie over an open hole. TiC powder was also
dispersed on standard continuous-carbon substrates on Cu TEM grids.

(Scanning) transmission electron microscopy (STEM) combined with both
energy dispersive x-ray spectroscopy (EDX) and electron energy loss spectroscopy
(EELS) was used to investigate the compositions and crystal structures of the
refractory minerals in Inti. The combination of these techniques provides
simultaneous imaging and chemical analysis at high spatial resolution, capabilities
that are necessary for characterizing the mineralogy of Inti because it is heterogeneous
on a submicrometer scale. In this study, the chemical analyses were precisely
correlated with local microstructures and petrography.

The microscope used in this work is an FEI Tecnai F20 G2 UT (S)TEM
microscope equipped with a high angle annular dark field (HAADF) detector, an
EDAX Genesis 4000 Si(L1) solid state energy-dispersive x-ray detector and a Gatan
Imaging Filter (GIF) Tridiem high-resolution EELS spectrometer. All EELS spectra

were recorded with a collection angle of 5.6 mrad and a dispersion of 0.1 eV/channel
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with 2048 channels. The EELS energy resolution is 0.7 eV with 3 seconds acquisition
time, and the spatial resolution is ~0.16 nm. The energy shift of each spectrum was
calibrated by a reference zero-loss peak taken immediately after each core-loss edge
spectrum.

The oxidation state of Ti in fassaitic pyroxene was investigated by EELS using
the Ti-L edges. Although the Ti°"/Ti*" ratio can, in theory, be calculated by
quantitative measurement of O and Ti using TEM-EDX, this approach is especially
unreliable here because of the close petrographic association of the fassaite with other
oxygen-rich silicate minerals and also with the silica aerogel capture medium. The
oxygen signal is subject to further attenuation by light element x-ray absorption
effects caused by specimen thickness. Ti oxidation state studies via Ti-L edge EELS,
in contrast, are not subject to these complications. The L-edges of 3d-transition metal
elements, with their sharp “white lines”, are highly sensitive to the valence state of the
element and thus have been widely used to investigate oxidation states in minerals
and materials science studies (Leapman et al., 1982; Sparrow et al., 1984; Brydson et
al., 1987; Colliex et al., 1991; Egerton, 1996; Zega et al., 2003; Garvie et al., 2004).
The question of coexistence of TiN with TiO and TiC was addressed using high-
resolution transmission electron microscopy (HRTEM), electron diffraction, energy

filtered TEM (EFTEM), and electron energy loss spectroscopy (EELS).

3. RESULTS

Results of the TEM analyses, Ti valence measurements and exploration of the

presence of O and C in the Inti osbornite are described below.
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3.1 Minerals present in Inti

The following silicates and oxides have been identified in Inti (Zolensky et al.,
2006) using electron diffraction and energy-dispersive x-ray spectroscopy: Ti-rich
pyroxene (fassaite); gehlenitic melilite; perovskite; diopside; spinel; anorthite; and
osbornite (nominally TiN). The chemistries and petrographic occurrences of these
minerals have been described in some detail elsewhere (Zolensky et al., 2006; Simon
et al., 2008), and we focus here on the Ti-bearing minerals fassaitic pyroxene and
osbornite. Perovskite (CaTiO3) is low in abundance in Inti and is absent from the
three TEM specimens analyzed for this study. A typical STEM image of an Inti
sample is shown in Figure 1. The circles mark the locations of osbornite inclusions.
With the exception of the osbornite, the mineralogy and measured mineral
compositions are similar to those in CAls in meteorites. We have identified rounded
and subhedral osbornite nanocrystals ranging in size from 2 to 40 nm in diameter and
embedded as inclusions within anorthite, spinel and diopside. Most osbornite grains
contain V distributed heterogeneously (see Figure 2), with V abundances varying
from 0 to 64 atomic % (from TiN to Tip36VoeaN). Identifications were made by
imaging (Figs. 1 & 2a), nanodiffraction (Fig. 2b) and EELS (Fig. 3) in the (S)TEM.

Detailed discussion of the Ti-pyroxene and osbornite follow.

3.2 Valence state of Ti in Inti pyroxene

The  compositions of several Inti  Ti-rich fassaitic  pyroxenes

(Ca(Mg,Ti,Al)(S1,Al),06) were determined by TEM-EDX quantification analysis and

are given in Table 1. Total TiO, contents vary between 3.7 and 14.5 weight %. We
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investigated the valence states of Ti by collecting EELS at the Ti-L edges.
Approximately 50 EELS spectra were collected from 6 Ti-pyroxene grains identified
in the Inti samples. The spectra are essentially identical with consistent fine structure
and energy shifts. A representative EELS spectrum from the Inti pyroxene is included
in Figure 4a. The Ti-L edges in Inti fassaitic pyroxene were compared with those
from a well-characterized meteoritic pyroxene and from synthetic LaTiOs (Ti’" end
member) and SrTiOs (Ti*" end member) to obtain a measurement of the Ti**/Ti*" ratio
in the Inti pyroxene.

Ti-L edge EELS were collected from three TEM sections of fassaitic pyroxene
prepared from a Type B CAI (TS65) from the Allende meteorite. These spectra were
acquired under the same microscopy conditions as those for Stardust Inti samples, and
they are compared with the Inti fassaitic pyroxene in Figure 4a. Ti’"/Ti*" ratios
derived from electron probe microanalysis for the three meteoritic fassaitic pyroxene
TEM specimens are 1.354+0.38, 2.15+1.07 and 1.48+0.84 for Positions 1, 2, and 3,
respectively. These ratios are obtained by requiring stoichiometric oxides of all
cations. The uncertainties do not reflect limitations of the EPMA analyses. Instead,
they incorporate the combined effects of potential error in position from FIB
specimen preparation and of local variation of Ti valency around the position from
which each TEM specimen was extracted. Despite the capability to locate a particular
feature with sub-micrometer precision in the FIB, there are large uncertainties in
correlating the Ti**/Ti*" ratios obtained from the electron microprobe analyses with
those of the FIB-prepared TEM sections due to the uncertainty involved in extracting
the TEM sections at the exact positions of the microprobe spot measurements
(collected at 40 micrometer intervals rather than at specific features). The increased

error in Ti valency for positions 2 and 3 is due to the rapid local variation of the Ti

10
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valency around these positions as measured by EPMA. The different fine structures
displayed at the three positions (Fig. 4a) indicate that the Ti’*/Ti*" ratio increases
from Position 3 to Position 1 to Position 2. (The EPMA ratio given above for Position
3 is slightly greater than that for Position 1; however, they are within error of each
other.) Careful comparison of the Ti-L edge fine structures between the Inti fassaitic
pyroxene and the Allende fassaitic pyroxene shows that the fine structure of the Inti
Ti L-edges, and therefore, the Ti oxidation state, is most similar to that of the Allende
fassaitic pyroxene at Position 2, which has a Ti>*/Ti*" ratio of 2.15+1.07. Therefore,
the dominant valance state of Ti in the Inti fassaitic pyroxene is 3+, and the Ti®*/Ti*"
ratio falls in the range of 1.1-3.1 (or Ti*"/(Ti’+Ti*") ~ 0.52-0.75), as do most analyses
of fassaite from meteoritic CAls (e.g., Simon and Grossman, 2006). The large range
for the present results is due primarily to the large variation in the Ti oxidation state
around Position 2 along the Allende fassaitic pyroxene EPMA line profile.

To improve the precision of the Ti**/Ti*" ratio determination for the Inti fassaitic
pyroxene, we modelled the Ti-L edges in the EEL spectra as a linear combination of
the spectra of Ti*~ and Ti*" in LaTi’*O; and SrTi*'O; respectively. Since the Ti ions in
these oxides reside in TiOg octahedral sites, as do those in Ti-rich pyroxenes,
comparing linear combinations of the Ti EELS from the oxide standards with the Inti
pyroxene provides a better-constrained means of estimating the Inti Ti’*/Ti*" ratio.
Figure 4b shows the Ti-L edge structures of the Inti Ti-pyroxene, the LaTi’ O3 and
SrTi*"O; standards, and a series of linear combinations of the spectra of the two oxide
standards, given as LaTiOs:SrTiOs ratios. By comparing Ti-L edges from the Inti
fassaitic pyroxene and those from LaTiO; and SrTiO; in Figure 4b, it is evident that
the peaks labelled A, B, C and D in the Inti fassaitic pyroxene spectrum are a result of

combinations of Ti*" (represented by LaTiOs with strong peaks at A and C) and Ti*"

11
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(represented by LaTiOs with strong peaks at B and D). Spectra “d” and “e€” most
closely resemble that of Inti fassaitic pyroxene. This indicates that the Ti’*/Ti*" ratio
in the Inti fassaitic pyroxene falls in the range of 1.8-2.2 (or T "/(Ti**+Ti*") ~ 0.64-
0.69). This result lies within the range determined above by comparison to Allende
fassaitic pyroxene and the range reported by Simon and Grossman (2006). Therefore,
both the comparison with Allende fassaitic pyroxene and the calculation of the
contribution of Ti" and Ti*" by linear combinations of endmember standards indicate

a relatively high Ti*"/Ti*" ratio of approximately 2 in the Inti fassaitic pyroxene.

3.3 Solid solution of O and C in Inti osbornite?

Since the presence or absence of oxygen and/or carbon in solid solution in Inti
osbornite would further constrain the osbornite formation conditions, we carried out
studies to assess both possibilities. We investigated whether the osbornite in Inti
contains O by combining several different TEM techniques, including energy filtered
imaging and EELS spectroscopy. Detailed characterization of a typical osbornite
particle is shown in Figure 2. As illustrated by the thickness map in Figure 2d, no
abrupt thickness change is observable at the interface of the osbornite and its host,
confirming that it is an embedded inclusion rather than a separate particle lying above
or below the surface of the host. The host silicate and oxide matrices contain O, so
the question of coexistence of oxide and nitride as a solid solution in the osbornite
particle cannot be addressed by simply determining whether O is present at the
osbornite location since O may be detected from the matrix surrounding the inclusion.
High-resolution TEM imaging and nano-diffraction are also inconclusive: They show

that the osbornite inclusions have the NaCl-type (rock salt) structure with a lattice

12
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parameter of a,~4.21A (Figs. 2b & 2c). However, Ti(V)N and Ti(V)O both have the
rock-salt structure with similar lattice parameters (a=4.185 A for TiO and a=4.241 A
for TiN, JCPDS cards: No. 77-2170 & JCPDS card: No. 38-1420).

Energy filtered TEM (EFTEM) elemental maps of Inti osbornite inclusions were
obtained using the 3-window method (Egerton, 1996). In this method, counts are
integrated at each map pixel in three energy windows, two at energies below the
absorption edge of the relevant element to establish the appropriate background to
subtract from the third integrated window, which is set at an energy above the
absorption edge. The intensity at each elemental map pixel is thus representative of
the amount of that particular element present. These 3-window maps show that the
Inti osbornite contains Ti, V and N (Figs. 2f-h). Similarly, a 3-window map could also
indicate whether the osbornite, like the diopside host, contains O; however, the V
absorption edges occur very near to the O edge, preventing an accurate establishment
of the background for subtraction. An O post-edge image (with a window of 15 eV)
is shown instead in Figure 2e. The post-edge image was obtained from a single
energy window set above the O-K edge without any background subtraction. It is
important to note that the V absorption edges produce additional background, larger
with increasing V concentration, under the higher energy O edge so that the O post-
edge image is expected to reflect the presence of V as well as O. A comparison of the
O post-edge image in Figure 2e and the V EFTEM image in Figure 2g shows that they
do not display the same intensity pattern. If the high intensity regions in the O post-
edge image correlated with the high intensity regions in the V EFTEM image, then
the higher intensity in the O post-edge image at the osbornite inclusion could be
attributed entirely to V contributions to an increased background at the osbornite.

Instead, the differing intensity patterns between the O post-edge image and the V

13
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EFTEM image suggest that the inclusion likely contains some O. In principle, this
suggestion might readily be confirmed by collecting EELS on and off the osbornite
inclusion since solid solution of O in TiN results in fine structure changes on the O-K
edge. However, due to the high background O signal from the surrounding silicate
matrix, the signal from a small amount of O in solid solution in TiN cannot be
distinguished with any certainty. The O-K and Ti-L edges are also significantly
perturbed by V, which is present in varying concentrations in Inti osbornite, as can be
seen in Figure 3 in the differing relative amplitudes of the V-L and Ti-L edges from
three osbornite inclusions labelled “A”, “B” and “C”. Since inclusion “C” (Fig. 3) is
almost V-free, as are meteoritic osbornites reported to date (Weisberg, 1988; Meibom
et al., 2007), the slight shift of the Ti-L edges to lower energy and the fine structure
changes of the N-K edge in the spectrum of inclusion “C”, compared with those of the
standard TiN, are most likely a result of O present in solid solution in this inclusion.
Based on these results, we conclude that it is possible that some O is present in solid
solution in the Ti(V)N inclusions in Inti. However, most of the inclusions contain V,
so solid solution of O in all of the Inti osbornite cannot be claimed with any certainty.
Titanium carbide (TiC) is predicted to form with osbornite (TiN) by gas-solid
condensation from a fractionated nebular gas with a high C/O ratio (0.96-0.97)
(Petaev et al., 2001; Ebel, 2006). NanoSIMS measurements by Meibom and
coworkers (2007) indicate that C is present in solid solution in osbornite in a
refractory inclusion in the Isheyevo meteorite. However, we did not detect C in any of
the Inti osbornite inclusions by EELS, and C in TiC should be easily distinguished by
EELS from C in the supporting C film due to the significantly different fine structures
of C-K edges in these bonding environments. The lack of C in the Inti osbornite is

also evident based on our measurements on TiC standard particles of various sizes on
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C film. These measurements show that the EELS feature of a TiC particle ~4 nm in
diameter 1is still detectable on a carbon film with a thickness comparable to those

supporting the Stardust specimens.

4. DISCUSSION

4.1 Comparison of Inti osbornite with meteoritic occurrences

The majority of minerals present in Inti are similar to those in CAls in meteorites.
The osbornite in Inti, however, differs even from those rare occurrences of meteoritic
osbornite reported to date by Meibom et al. (2007) in a refractory inclusion in the
Isheyevo CH/CB chondrite and by Weisberg et al. (1998) in the ALH85085 CH
chondrite. The first difference is in grain size. Inti osbornite is present as inclusions
tens of nanometers in diameter, whereas the meteoritic osbornite grains that have been
identified are tens of micrometers in diameter. Inti osbornite also contains
heterogeneously distributed V in some nanocrystals, with abundances ranging from 0
to 64 atomic %. Meibom et al. (2007) did not detect any transition metal other than
Ti. In addition, they clearly identified C in the Isheyevo osbornite, whereas C is not
present in the Inti osbornite grains studied in the present work. The osbornite
petrographic associations are also not identical among these three cases. In
ALHS85085, osbornite is associated with spinel, whereas osbornite in Isheyevo is
associated with spinel, melilite, grossite and aluminous diopside. The osbornite
particles in Inti found to date are correlated with anorthite, spinel and diopside.
The variability of V content within single sub-micrometer-sized osbornite

grains in Inti indicates a non-equilibrated state. The nitrides of both Ti and V
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condense at higher temperatures than the respective metals (Enomoto, 1996), so the
Ti(V)N osbornite grains in Inti almost certainly represent direct condensates from the
local nebular gas. Experiments involving annealing of Ti/V multilayers in a
conventional furnace with nitriding gases have shown that interdiffusion and
homogenization of Ti and V nitride layers occur at temperatures near 1100K (Galesic
et al., 2000) in terrestrial laboratory conditions. The relevant homogenization
temperature under the conditions of formation for Inti osbornite is unknown. EELS
studies on TiN/VN multilayers grown directly as nitrides also exhibit interdiffusion
(Lazar et al., 2008). The Ti-V chemical gradients remaining within single osbornite
grains may indicate that the grains cooled fairly rapidly after formation and never
annealed at a temperature sufficient to produce homogenization.  Possible
implications of the V content variability are that the osbornite condensed under
dynamic nebular conditions or that there were multiple growth and/or evaporation
events in differing formation environments. In other words, the osbornite formation
environment may have changed due to changing spatial location within the nebula
during transport of the CAI particle, due to evolution of the local nebular conditions
over a period of time, or due to both.

The inclusion of Inti osbornite particles within matrix hosts indicates that they
must have formed prior to, or with, their hosts, namely anorthite, spinel and diopside.
It is interesting to note that osbornite has yet to be identified embedded in Ti-rich
pyroxene (fassaite). If it continues to hold true in future studies of Inti samples, this is
an important observation: In that case, the formation environment constraints
established for the Inti fassaitic pyroxene and the Inti osbornite are not mutually

constraining. These issues are discussed in more detail below.
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4.2 Estimate of oxygen fugacity from Inti fassaitic pyroxene

Studies show that the predominant valence of Ti in pyroxenes is 4+ at log f,,

above ~ IW-7 (7 orders of magnitude lower than the iron—wiistite (IW) oxygen buffer)
(Papike et al., 2005). The high Ti**/Ti*" ratio (2.0+0.2) in Inti fassaitic pyroxene thus
suggests that it condensed in a highly reducing atmosphere. This ratio, in
combination with the local mineral chemistry, can be used to estimate the oxygen
fugacity at formation of the Inti CAI. Crystallization experiments by Grossman et al.
(2008) on liquids of compositions similar to compact Type A, Type Bl and Type B2
CAls showed that if such melts crystallized at 1509 K (the experimentally calibrated
temperature), then the oxygen fugacity could be calculated from the Ti’*/Ti*" ratio in
the Ti-rich pyroxene (fassaite). In addition to an assumed crystallization temperature
of 1509K, the calculations assume equilibrium between fassaite, melilite and spinel.
While Inti may not satisfy all of these prerequisites, the calculation of an estimated

log f,,, based on the Ti**/Ti*" ratio in Inti fassaitic pyroxene provides a “litmus test”

to compare the formation conditions of the CAI from comet 81P/Wild 2 with CAls
from the Allende meteorite.

A pair of equilibrium reactions involving Ti-rich pyroxene (Beckett and
Grossman, 1986) can be used for estimating the oxygen fugacity of the formation

environment of the comet 81P/Wild 2 refractory minerals:

4CaTi** Al,O,(T4P) + 4CaMgSi,0,(Di) <

. (1
4CaTi**AlSiO,(T3P) + 2Ca,MgSi,0, (Ak) + 2MgALO, (Sp) + O,
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2CaALSiO,(CaTs) + 2CaMgSi,O, (Di) + 4CaTi**ALO,(T4P) <
ACaTi** AlSiO(T3P) + 2Ca,ALSiO, (Ge)+ 2MgALO, (Sp) + O,

()
where CaTs, Di, T3P and T4P represent the four endmember components of fassaite.
T3P and T4P refer to endmember Ti-pyroxene with 3+ and 4+ oxidation states of Ti,
respectively. Assuming that fassaite and melilite in Inti crystallized at 1509K, the
temperature at which the above reactions were experimentally calibrated, the oxygen
fugacity can be determined from the equilibrium constants for Equation (1) and

Equation (2) above following the method of Grossman et al. (2008):

K . (XT4PXD;VDi)4

) Xjk ()(T3P)4 (3)

Jo,

= K” . (XCaTS)/CaTS)z . (XDiYD[)Z 4
o ’ 4 @
(l_Xffk) (XT3P /XT4P)

where X; and vy; are the mole fractions and activity coefficients, respectively, of each
component. K'and K'' are constants equal to 1.321E-18 and 1.068E-17, determined
by laboratory experiments at 1509K (Grossman et al., 2008). The average Inti melilite
composition from measurements reported in Simon et al. (2008) is X = 0.07, nearly
pure end-member gehlenite. Mole fractions reported in Table 1 for the components of
fassaite in Equations (3) and (4) were determined from TEM-EDX quantification by
assigning all Mg to diopside (D1i), all Ti*" to Ti4+-bearing pyroxene (T4P), all Ti* to
Ti’**-bearing pyroxene (T3P) and the remainder to Ca-Tschermak’s molecule (CaTs)
based on the method reported by Beckett and Grossman (1986). The mole fraction

ratio of 2:1 for T3P/T4P was determined from our EELS results above. These mole
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fractions can be used to determine yc,1s and yp; following the method of Grossman et

al. (2008) and, subsequently, the oxygen fugacity. The average logf, values

calculated by Equations (3) and (4) are reported Table 1.

This calculation results in an estimated oxygen fugacity of log f02= -19.4+1.3,

for the formation of Inti Ti-rich pyroxene (fassaite), where the uncertainty
incorporates the uncertainty in the Ti**/Ti*" ratio from EELS and uncertainties in the
mole fractions of the minerals involved. This calculated oxygen fugacity should be
considered a rough estimate, a basis for comparing the Inti formation conditions with
those derived from other meteoritic fassaites: We have no evidence that the relevant
mineral components in Inti crystallized at ~1500K nor that they were equilibrated,
and the dependence of K' on temperature is unknown at present (Grossman et al.,

2008).

4.3 Formation environments of Inti Ti-bearing components

Ti-bearing pyroxene (fassaite) in Inti has a Ti*"/Ti*" ratio of 2.020.2
(T /(T +Ti"") between 0.64 and 0.69), in agreement with Allende CAls (Simon
and Grossman, 2006) and other meteoritic fassaite (Dyl et al. 2005). Our calculated
estimate of the oxygen fugacity at the formation of Inti Ti-pyroxene, logf, =
-19.4+1.3, is in excellent agreement with that reported for fassaite in Allende CAls,
log f, = -19.8+0.9, and near the solar value of -18.1+0.3 (Grossman et al., 2008).
These oxygen fugacities are given in Table 2 with values calculated from a Leoville
CAI as well. The similarities can be seen graphically in Figure 5 by placing the
oxygen fugacity value on a plot of log fo2 versus temperature. Our derived oxygen

fugacity value, combined with the typical solar system CAI mineralogy and '°®O-rich
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isotopic composition of Inti (McKeegan et al., 2006; Simon et al., 2008; Zolensky et
al., 2006), suggest that Inti most likely formed in the solar nebula, as opposed to an
environment around another young star, a possibility that has been suggested as a
means of explaining the presence of a CAl in a comet.

Although Inti fassaitic pyroxene shows a range of Ti contents, differing by more
than a factor of 3 between lowest and highest TiO, content (see Table 1), it is
interesting to note that the Ti EELS spectra for the approximately 50 EELS spectra
collected are all remarkably similar. In fact, the Ti-L edge EELS from Inti fassaite are
more uniform than those from the (much larger) Ti-pyroxene in the (much larger)
Allende TS65 Type B2 CAI (Fig. 4a). This indicates that all of the Inti fassaite
measured displays the same Ti’*/Ti*" ratio and likely formed in conditions of uniform
oxygen fugacity. The variability in total Ti may reflect changing amounts of Ti
available for incorporation into pyroxene. Both the variable Ti content in Ti-
pyroxene and the variable V content in osbornite indicate that Inti cannot be
considered fully equilibrated, despite its uniform Ti’*/Ti*" ratio.

In Inti osbornite, EELS indicates that some O may be present in some of the
nitride grains, and no C was detected. Regardless of whether the osbornite contains O
or C in solid solution, the presence of Ti(V)N alone requires that at least some of the
refractory minerals in the Stardust CAIl formed in a hot and highly reducing
atmosphere with a high C/O ratio, ~0.8 to 1 (Ebel, 2006). The high C/O ratio suggests
that the osbornite grains formed in a region very close to the proto-sun, since high
C/O ratios (>0.79) are believed to have been present at heliocentric distances <0.5AU
(Fukui and Kuramoto, 2005). The variable V content in osbornite grains only tens of
nanometers in diameter also indicates possible dynamic conditions of formation for

individual grains. (See Section 4.1.) Inti fassaitic pyroxene, on the other hand, has a

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Ti**/Ti*" ratio of ~2:1, in agreement with other solar system CAlIs, indicating that the
Inti fassaitic pyroxene formed in similar conditions to other CAls from meteorites
originating in the asteroid belt at heliocentric distances of several AU. We emphasize
that the osbornite grains and other refractory minerals, including fassaitic pyroxene,
may not have formed at the same time and in the same location, just as the osbornite

and cometary ices certainly did not form simultaneously in the same location.

4.4 Transport of Inti components

Comet 81P/Wild 2 contains considerable ice, inconsistent with accretion in the
inner solar system, and our Ti valence analysis on Inti fassaitic pyroxene is consistent
with its formation in our own, rather than another, solar system. The current
consensus among researchers is that comets formed in the outer solar system beyond
15 AU and that the osbornite and other refractory minerals were transported from the
inner solar system outward over large distances (Brownlee et al., 2006). Several
models have been proposed that predict relatively large-distance radial transport of
solids in the early solar system, and we now have solid samples with which to test
these models.

The X-wind model is frequently considered for material transport in the early
solar system (Shu et al., 2001). This model predicts CAI formation as small,
primitive particles that were repeatedly melted or partially melted, aggregated,
partially vaporized and condensed in the solar nebula disk reconnection region, where
the inner edge of the disk is truncated by the solar magnetosphere. In this model, the
CAls were ejected in the violent and energetic X-wind and redistributed in the

accretion disk. A major difficulty with this model was pointed out by Desch and
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Connolly (2007): The formation environment for the reconnection region is estimated
to be 6 orders of magnitude more oxidizing than a solar composition gas, whereas
meteoritic CAls are generally consistent with formation in a gas of solar composition.
Our measured Ti*/Ti*" ratios in Inti fassaite confirm that the fassaite in the Stardust
CAl, like other solar system CAls, is consistent with a solar composition gas rather
than a highly oxidizing gas. Finally, the presence of osbornite requires a formation
environment significantly more reducing than a solar gas, one with a much higher
C/O ratio. Thus, neither the Ti-bearing pyroxene (fassaite) nor the osbornite
components in Inti are consistent with an X-wind formation scenario.

An alternative type of model considers transport of solids by mixing within the
accretion disk. These models have grown more sophisticated over the years and
consider a variety of effects including diffusion, gas drag and (turbulent) viscous flow
(Bockelee-Morvan et al., 2002; Estrada et al., 2003) as well as settling due to gravity
(Ciesla, 2007) and incorporate both radial and height dimensions. Such radial mixing
models can transport crystalline silicates from the inner to outer disk regions
relatively efficiently. Ciesla (2007) predicts that the 0.1 to 1.0 cm diameter CAls
found in meteorites could have been transported outward around the disk midplane
while also being preserved in the solar nebula for the millions of years inferred
between their formation and incorporation in meteorite parent bodies. Recent
suggestions that the photophoretic force be added to such modelling (Mousis et al.,
2007; Haack and Wurm, 2007) indicate that this additional outward force would
generate a concentration of dust at the inner edge of the dust disk for localized rapid
accretion and also solve the problem of over-homogenizing the disk. Radial mixing
models have several advantages: In addition to allowing gradual condensation of

volatiles on grain surfaces during transport, radial mixing models permit materials
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formed very near the protosun to be transported and mixed with materials formed at
greater heliocentric distances. Thus, the Inti osbornite, which formed in a highly-
reducing environment very near the protosun (Fukui and Kuramoto, 2005), could
have been incorporated into the Inti CAI with the Inti fassaitic pyroxene, formed in
gas compositions that were approximately solar, and the CAI could then have been
transported to the comet-forming region where it was eventually incorporated into the

comet 81P/Wild 2.

S. SUMMARY AND CONCLUSIONS

The return of an inner solar system calcium-aluminum-inclusion, or CAl, in the
NASA Stardust mission sample captured from the coma of an outer solar system
comet, 81P/Wild 2 has raised provocative questions about the physiochemical
conditions in the solar nebula and the dynamics of radial mass transport in the solar
nebula accretion disk. To better elucidate the conditions and dynamics, we
characterized the Ti-bearing refractory minerals, pyroxene (fassaite) and osbornite, in
the Stardust CAI, Inti, by the scanning transmission electron microscopy analytical
techniques of imaging, nano-diffraction, energy dispersive x-ray spectroscopy (EDX)
and electron energy loss spectroscopy (EELS).

EELS data on several Inti fassaitic pyroxene grains, on pre-characterized fassaitic
pyroxene from an Allende CAI and on endmember oxidation state standards show
that the Inti fassaitic pyroxene has a Ti*"/Ti*" ratio of 2.0£0.2 like Allende CAIs. If
equilibrium can be assumed among fassaitic pyroxene, spinel, diopside and gehlenite
and crystallization occurred at 1509K, then the oxygen fugacity during Inti formation

can be estimated from the Ti*"/Ti*" ratio. The log f, estimated in this manner is
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-19.4£1.3 for Inti. This estimate is in excellent agreement with those reported for
Allende CAls under identical assumptions and near the solar gas value. These results,
combined with the typical CAI mineralogy and isotopic compositions observed for
Inti, are consistent with solar system formation, and it is unlikely that Inti formed
outside the solar system. Like other solar system CAls, Inti likely formed in an
approximately solar composition gas at a few AU from the proto-sun.

Inti also contains V-bearing osbornite, Ti(V)N. Osbornite, most likely an early
condensate, forms at higher temperatures and C/O ratios than fassaitic pyroxene, in
the highly reducing conditions predicted to have existed in the inner solar nebula
within 0.5 AU of the proto-sun. Inti osbornite is present as nanometer-scale
inclusions in the host phases anorthite, diopside and spinel. Fassaitic pyroxene has not
yet been identified as a host for osbornite. As inclusions, these osbornite grains must
have formed prior to, or simultaneously with, their host phases. The petrographic
associations of Inti osbornite are not completely consistent with either of the two
meteoritic cases (Isheyevo and ALH85085) known to date. Evidence for Ti-carbide
and —oxide in solid solution in the Inti osbornite was sought by EELS and imaging.
TiC was not detected, and TiO may be present, somewhat limiting the range of C/O
ratio suitable for Inti osbornite formation. However, variable V contents prevent a
definitive determination of the presence of TiO in the osbornite inclusions in Inti.

Details of chemistry in both the Inti osbornite and fassaitic pyroxene indicate
fine-scale variations in this cometary CAI. Osbornite inclusions display variable
amounts of V distributed heterogeneously in individual inclusions only tens of
nanometers in diameter. Fassaitic pyroxene displays variable total Ti contents by
EDX but uniform Ti**/Ti*" ratios by EELS. We conclude that this CAI is not well-

equilibrated and that the osbornite inclusions were likely never annealed at
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temperatures sufficient to generate chemical homogenization. These results imply
relatively early and rapid transport of Inti from the inner solar system to the outer
solar system. The observed variability in mineral chemistry suggests that comet
81P/Wild 2 represents both a spatial and time capsule to investigate the early solar
system. Such insight is invaluable to our further understanding the formation of
comets and other bodies in the solar system.

Consideration of our analytical results with proposed material transport models
appears to rule out the X-wind model, which yields highly oxidizing conditions in a
reconnection region in the solar nebular disk. These formation conditions are
inconsistent with both of the Ti-bearing refractory minerals in the Stardust CAI, Inti.
Osbornite is stable in reducing environments, and the estimated oxygen fugacity
derived from Inti fassaitic pyroxene indicates it formed in an approximately solar
composition gas. Radial mixing models, on the other hand, allow the accretion of
components from different heliocentric distances and, thus, different formation
environments. Such models are more consistent with the oxidation environments
inferred for the Inti mineral assemblage. A scenario made possible by radial mixing
models is formation of tiny osbornite grains, tens of nanometers in diameter, within
0.5 AU of the proto-sun, rapid transport outward to a few AU where they were
incorporated in CAI host minerals as the Inti CAI formed with its fassaitic pyroxene
component. The Inti CAI, approximately 15 micrometers in diameter, may then have
been transported outward to the comet-forming region beyond 15 AU where it

accreted into comet 8 1P/Wild 2 with other materials and ices.
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Figures and Figure Captions

200 nm

Figure 1. Scanning transmission electron microscopy dark field images showing (a)
osbornite inclusions (circled) in a typical Inti ultramicrotomed sample from comet

81P/Wild 2 and (b) a magnified region containing one of the osbornite inclusions.
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Figure 2. Images of a typical osbornite inclusion in its host matrix, the refractory
mineral diopside. (a) TEM bright field image of this inclusion; (b) [011] zone axis
diffraction pattern and (c) corresponding high resolution image of this inclusion; (d)
thickness map of the area containing this inclusion; (e) O post-edge image of the same

area in (d); (f)-(h) EFTEM images of Ti, V, and N, respectively.
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Figure 3. EEL spectra from osbornite inclusions in “Inti” show the existence of TiN
and the variation of V content in these inclusions. Comparison of the spectrum of
inclusion “C” and that from a standard TiN sample reveals the slight shift of the Ti-L
edges to lower energies and the fine structure change of N-K edges in the spectrum of
inclusion “C” (see the N-K and Ti-K edges magnified on the right hand side). The

changes in edges energies and fine structures indicate changes of oxidation states.
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Figure 4. a) Ti-L edges of Stardust Ti-pyroxene compared with those from Ti-
pyroxene from a CAl from the Allende meteorite, and (b) the Ti-L edges of Stardust
Ti-pyroxene (top) and a series of spectra calculated from different ratios of the spectra

from synthetic Ti’" (LaTiO;) relative to Ti*" (SrTiOs) end-members (bottom).
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Fig. 5. Plot of log fO, vs. temperature for a system of solar composition at 10 atm
for two estimates of the solar C/O ratio: 0.42 (Anders and Grevesse, 1989), and the
preferred value, 0.5 (Allende et al., 2002). The iron-wiistite buffer curve of Myers and
Eugster (1983) is shown for reference. The result for the Stardust CAI Inti falls very
close to the value obtained for Allende inclusions (Grossman et al., 2008). Figure

after Grossman et al. (2008).
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1 Tables

2

3  Table 1. Compositions of Ti-pyroxene in the Inti CAI from comet 81P/Wild 2 and

4  resulting estimates for log(fo,).
Sample 1 2 3 4 5 6 7 8 9 10 11

Cations per six oxygen anions
Si 1.109 1.565 1.215 1.256 1.736 1.260 1.175 1.014 1.436 1.193 1.492
Al(IV) 0.891 0435 0.785 0.744 0264 0.740 0825 0986 0.564 0.807  0.508
Al(VI) 0.369 0455 0270 0452  0.201 0.305 0.129  0.288 0302 0.268  0.424
Mg 0.374 0427 0350 0.333 0.743 0.378  0.411 0.421 0489 0386  0.534
Ti 0280 0.145 0355 0252  0.101 0.313 0407 0.382 0230 0.348 0.112
Ca 0957 0817 0926 0856 0.885 0909 0995 0.877 0.880  0.921 0.860
total 3.981 3.845 3902 3.894 3931 3.905  3.941 3.968 3.901 3.922 3930
Weight % oxides (analyses normalized to 100 wt%)
MgO 6.84 8.08 6.44 6.19 13.93 6.97 7.46 7.69 9.10 7.09 10.00
AlLO3 29.14  21.28 2451 28.15 11.02 2439 2191 2946 2036 2496  22.09
SiO, 30.21 4410 3330  34.83 48.48 34.64 3181 27.63 39.84  32.63 41.64
CaO 24.33 2148 2367 2216  23.07 2333 2514 2232 2279 2352 2240
Ti,05 6.09 3.26 7.76 5.58 2.25 6.86 8.79 8.29 5.08 7.59 2.49
TiO, 3.39 1.81 431 3.10 1.25 3.81 4.88 4.61 2.82 4.22 1.38
total
TiO, 10.09 5.41 12.83 9.24 3.74 11.35 14.50 13.70 8.43 12.54 4.14
Mole fractions of Ti-pyroxene components
Di 0.391 0.523 0.379 0388 0.840 0416 0413 0479 0556 0419  0.621
CaTs 0315 0299 0.238 0317 0.046 0240 0.178 0.086  0.183  0.203 0.249
T3P 0.195 0.118 0256 0.196 0.076 0229  0.273 0290 0.174  0.252  0.087
T4P 0.098  0.059 0.128 0.098 0.038 0.115 0.136 0.145 0.087 0.126  0.043
Average of log(fo,) for each sample obtained using equilibrium reaction (1) and (3)

log(f0,) -19.52 -19.15  -19.63 -19.53 -19.23 -19.51 -19.60 -19.67 -19.22 -19.54 -18.98
average log(f0,) -194  +/-1.3

Total TiO, is given in weight % calculated with all Ti in TiO,.

Standard relative errors based on counting statistics are ~5% for oxide abundances >1 wt% and ~10% for
oxide abundances <1 wt%. Since oxygen is subject to greater absorption than other elements in TEM-EDX
measurements, cation percents were converted to oxides (normalized to 100 weight %) from which cations per
six oxygen anions were calculated.
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Table 2. Comparison of oxygen fugacity of Stardust Inti to those of meteorites
reported by other researchers.

Leoville CA3 Leoville CA3
sample Stardust Solar Gas Allende (WL rim) (CAI interior)
log(foz) -19.4£1.3 -18.1+0.3 -19.8+0.9 -12.3£1.8 -18.4+1.3

. Grossman et.  Grossman et. al. Dyl et. al.
References  this work al. 2008 2008 Dyl et. al. 2005 2005




